To improve our understanding of the carbon dioxide CO 2 efflux dynamics in paddy fields during the drained fallto-spring fallow season, we conducted incubation experiments with paddy soil to determine the dependence of the soil CO 2 emission rate on temperature and moisture. The 37-day integrated CO 2 emission rate per unit soil weight was 1.45 μmol g 1 d 1 at a soil temperature of 15 C and a soil moisture content of 0.65 g g 1 . The temperature dependence of the soil CO 2 emission rate was expressed using the Arrhenius equation, but its activation energy was likely to be underestimated if the data obtained at a high temperature were included. Soil CO 2 emissions were linearly dependent on the soil moisture. We occasionally observed inverse relationships between the CO 2 efflux estimated using the incubation experiments and those determined using the eddy covariance method, which was probably due to the effects of CO 2 storage in the soil. However, when the data were averaged over a relatively long-time scale 10 15 days , the empirical model based on the incubation experiments successfully reproduced the soil CO 2 efflux determined by the eddy covariance method, probably because the long-time scale canceled the CO 2 storage effect.
Introduction
Rice paddies are well-known important sources of methane CH 4 Miyata et al., 2005 . In rice paddies, under the reductive conditions caused by flooding with water during the growing season, carbon dioxide CO 2 emissions due to the microbial decomposition of organic matter are suppressed and CH 4 is emitted instead of CO 2 Nishimura et al., 2015 . In contrast, in the fallow season FS , paddy soil is generally aerated after pre-harvest drainage and CO 2 is emitted via microbial oxidation. The decomposition status of organic matter in the paddy soil during FS strongly affects CH 4 production in the subsequent crop season Zhang et al., 2013 . However, the carbon dynamics of paddy fields during the drained FS after harvest, typically during the winter in temperate regions, are poorly understood.
At a field scale, Ono et al. 2015 measured the CO 2 fluxes during three FSs in a normally cultivated rice paddy in central Japan using the eddy covariance method and showed that approximately 50 of the crop residues left in the field after the harvest were decomposed during FS. The time course of the observed CO 2 flux during FS was positively correlated with soil temperature and negatively correlated with soil moisture under very wet conditions. However, a substantial number of their flux data were discarded through quality tests and then filled with estimations, which could result in a large source of uncertainty. Nakajima et al. 2015 investigated the carbon balance in paddy soils under aerobic conditions using soil samples obtained after the harvest by three methods: CO 2 evolution, amount of soil organic matter, and the addition of a high ratio of 13 C organic carbon to incubating soil samples. They obtained a higher CO 2 evolution rate at the field capacity than that at 60 of the field capacity. This finding does not appear to be consistent with the negative correlation between CO 2 flux and soil moisture reported by Ono et al. 2015 . In actual fields, soils were stacked and layered, and water continuously moves vertically and horizontally. These studies indicate that it is necessary to investigate CO 2 efflux dynamics during the FS further to link field observations and laboratory experiments. This is the case even for upland agricultural fields Wickland et al., 2014 . Modeling approaches may be effective to link the two approaches, but the methodology is still premature. The Roth-C model was known to be applicable to paddy soils with modification Yokozawa et al., 2010 , but the monthly time-step used for the model output makes it difficult to discuss CO 2 dynamics at a relatively fine temporal scale, comparing with CO 2 flux obtained by the eddy covariance method. The DNDC model includes the interaction between the soil carbon and nitrogen dynamics, but its modified version for paddy soil has not sufficiently accounted for CO 2 dynamics yet e.g., Fumoto et al., 2010 . In the present study, we demonstrated the possibility of linking field observations and laboratory incubation experiments to improve our quantitative understanding of the carbon dynamics in rice paddies during the FS. The CO 2 efflux from paddy soil estimated by laboratory incubation was compared with the eddy covariance CO 2 fluxes determined at the Mase paddy flux site, which is one of the most intensive research sites in Japan in terms of gas exchange Ono et al., 2015 . This study revisits the findings of Ono et al. 2015 ] refers to the heterotrophic respiratory CO 2 flux per unit area per day determined at the soil surface using either the eddy covariance method or that estimated from the CO 2 emission rate integrated over the plow layer.
Materials and Methods

Site description
The Mase paddy flux site 36.05392 N, 140.02692 E, 11 m asl is located in an extensive rice paddy area of eastern Japan. The soil type is categorized as a gray lowland soil. Rice seedlings were transplanted in early May and the crop was harvested in mid-September. After harvesting the rice, the fields were kept fallow for 7 months until transplanting in the next crop growing season. Three FSs, i.e., 2004 2004FS , 2005 -2006 2005FS , and 2006 -2007 Ono et al. 2015 for further information about the study site.
Incubation experiments
Three soil samples ca 300 g each were collected from the plow layer 0 -15 cm at a point within the typical footprint of eddy covariance measurements in the target field of the Mase site on January 7, 2010. The field water capacity of the sampled soil was 0.618 0.251 n = 3 according to the sand column method. The carbon and nitrogen contents of the soil were 2.14 0.06 n = 3 and 0.176 0.005 , respectively. After sampling, the soil was stored in an incubator at 3 C. The incubation experiments were initiated in March 2010, but the soil weight and vessels used to contain the soil were changed as described in the following.
After sieving through 2-mm stainless mesh, 18 g dry weight of each soil sample was placed in a 265-ml bottle Supelco, USA . The bottles were closed with a gas-tight butyl rubber Maruemu Corporation, Japan and used in the incubation experiments. In the temperature experiment, the soil was incubated at 5, 15, 25, or 35 C after adjusting the soil moisture to 65 of the field capacity level. In the soil moisture experiment, the soil water content was adjusted to 10 water content ratio = 0.06 , 18 0.11 , 34 0.21 , 65 0.40 , or 83 0.52 of the field capacity level with a soil temperature at 25 C. Four duplicate soil samples were incubated for each condition. The incubation experiments were continued for 38 days.
To track the changes in the CO 2 concentration in the bottles, 0.25 ml of the headspace gas was collected using a gas-tight syringe 1.0 ml A-type of PS Syringes; Valco Instruments Co., Inc., USA each day during the first 4 days after the beginning of incubation. The sampling frequency was reduced to once every several days after the fourth day. The sampled headspace gas was introduced into a carrier line gas analyzer LI-7000; Licor Inc., USA with a carrier flow of 500 ml min 1 to determine the CO 2 concentration by referring to standard gas cylinders containing 9950 ppm 0.995 and 25890 ppm 2.589 of CO 2 in the air balance Takachiho Chemicals Co., Japan . When the CO 2 concentration of the sampled headspace gas exceeded 2 , the headspace of the bottle was flushed to reduce the CO 2 concentration. The soil CO 2 emission rates were calculated as described by Yonemura et al. 2013 
where E 0 is the CO 2 emission rate from soil at a reference tem-
] . The empirical parameters a and b in Eq. 1 were determined based on the incubation experiments so that aW + b equals to 1 at W = 0.4.
Estimation of FS CO 2 efflux at the soil surface based on
incubation experiments and eddy covariance flux measurements To convert the CO 2 emission rate from soil, E, determined by the incubation experiments into the CO 2 efflux F c,IE [ gC m 2 d 1 ] at the soil surface, we assumed that the soil bulk density was 1.0 g cm 3 , according to the soil cores collected from the plow layer of the paddy, and that the effective plow layer depth was 30 cm, as discussed in Section 3. We employed the effective plow layer depth instead of the actual plow layer depth because the plow layer depth was horizontally variable and there is also a large stock of carbon below the plow layer. The effective plow layer depth is a virtual measure of a representative soil depth relevant to carbon stock and observed CO 2 flux at a field. The assumption of the effective plow layer depth of 30 cm is investigated in Section 3.2. To calculate E by Eq. 1, we used the daily averaged soil temperature at a soil depth of 10 cm and the daily averaged volumetric soil water content m 3 m 3 from 0 to 20 cm, which was measured with a time-domain reflectometer TDR100; Campbell Scientific, Logan, Utah, USA . The volumetric soil water content was converted into the soil water content on a weight basis, W, using the values measured for the soil solid fraction 62 and soil particle density 2.56 g cm 3 .
We determined the CO 2 efflux at the soil surface in the field on the half-hourly CO 2 fluxes obtained by the eddy covariance method using a closed-path gas analyzer Ono et al., 2008; Ono et al., 2015 . During the ratoon growth period from harvest until the end of November , we assumed that the ratoon respiration was negligibly low, and we estimated F c,FE as the ecosystem respiration using the standard flux partitioning procedure according to the temperature dependence of the nighttime respiratory CO 2 fluxes Saito et al., 2005 . After the ratoon senesced, the fluxes measured by the eddy covariance method were equivalent to F c,FE because there were no active plants in the field. To obtain the daily F c,FE , gaps in the half-hourly flux data were interpolated by the multiple imputation method Hui et al., 2004 using meteorological variables such as air temperature. Readers may refer to Ono et al. 2015 for details of the treatment of the eddy covariance flux data.
Results and Discussion
3.1 Temperature and soil moisture dependences of the soil CO 2 emission rates obtained in the incubation experiments The soil CO 2 emission rates integrated over the whole incubation period increased with soil temperature Fig. 1a . The E A values calculated using Eq. 2 were smaller when we included the data obtained at a high temperature 59.1 kJ for 5, 15, 25 and 35 C; 65.6 kJ for 5, 15 and 25 C; 72.1 kJ for 5 and 15 C . This was mainly attributable to the effects of decreases in the substrate, where the substrate decreased more rapidly in high temperatures than low temperatures and the decreased substrate could reduce the soil CO 2 emission rate due to the limited amount of the incubated soils. To minimize the effects, the E A value determined between 5 and 15 C was used for estimating soil CO 2 emission rate in Eq. 1. The temperature sensitivity of the soil CO 2 emission rates obtained in our study as Q 10 was higher than 1.81 at a lower moisture level and 1.56 at a higher moisture level, as shown in Table 3 from Nakajima et al. 2015 . This may be attributed to the shorter incubation period in our study 38 days compared with that used by Nakajima et al. 2015 , which was equivalent to the whole FS. The Q 10 values obtained were within the ranges for various soil types e.g., Davidson and Janssens, 2006; Moriyama et al., 2013 . The soil CO 2 emission rates integrated over the whole incubation period increased with soil moisture Fig. 1b . The soil CO 2 emission rates in most previous incubation studies of soils in upland agricultural fields determined the maximum values at soil water contents between 60 and 90 of the field capacity, and they decreased at higher soil water contents. By contrast, our results, as well as those of Nakajima et al. 2015 , obtained maximum values at 100 of the field capacity. These results may show general characteristics of paddy soils during FS. Even at 100 of the field capacity, O 2 remained within the soil pores during the short incubation period and the trapped O 2 was probably used during the decomposition of organic matter.
To summarize the temperature and soil moisture sensitivities of the soil CO 2 emission rates, we determined the values of the parameters a, b, E 15 , and E A in Eq. 1 as 2.62, -0.0513, 0.414 10 3 mol g 1 d 1 , and 72.1 kJ, respectively.
Comparison of CO 2 efflux at the soil surface estimated
by incubation experiments and eddy covariance fluxes Using Eq. 1 and the parameters determined in Section 3.1, we calculated F c,IE for the three FSs. First, we focused on a typical period between 70 and 150 days after harvesting DAH in 2004FS Fig. 2 . The calculated F c,IE was roughly correlated with F c,FE over this period r = 0.29 . However, F c,IE occasionally varied inversely with F c,FE , especially during DAH 120 -140. Similar inverse trends were also found in other FSs.
In our incubation experiment, the soil CO 2 emission rates were positively related to the soil water content even at high moisture levels Fig. 1b , so the estimated F c,IE was occasionally inversely related to F c,FE Fig. 2 . Ono et al. 2015 reported that the ecosystem respiration observed during the FS F c,FE in this study and soil moisture are often inversely related. Because Fig.3 , we did not include the soil moisture dependence when estimating F c,IE ., in the subsequent analyses. F c,IE exhibited less temporal variation than F c,FE Fig. 3 . The larger F c,FE at the beginning of FS compared with F c,IE probably reflected the degradation of fresh organic matter incorporated into the soil after pre-harvest drainage. The decreasing trend in F c,FE before transplanting DAH 210 -240 was attributed to the reduced decomposition rate under flooded conditions before transplanting. These effects were not included when calculating F c,IE . In general, soil is considered to become oxidative gradually after harvesting. This oxidative effect was found to be small when estimating the seasonal soil CO 2 efflux because both F c,IE and F c,FE had similar trends.
As mentioned above, estimating F c,IE using only the temperature dependence resulted in better agreement with F c,FE compared with that when both the temperature and soil moisture dependences determined in the incubation experiments were included when estimating F c,IE . This is because the CO 2 efflux at the soil surface and the CO 2 emissions from the soil did not necessarily occur at the same temporal scale. The emitted CO 2 must be transported through the soil air space before it can be released from the soil surface to the atmosphere. The increased soil moisture reduced CO 2 diffusion within the soil, and thus CO 2 storage increased in the soil whereas the soil CO 2 efflux decreased. The soil moisture must have varied with precipitation during the FS, so the storage effect of the soil might have been canceled 143 S. Yonemura et al. : Winter Soil CO 2 dynamics at Mase out if we had taken the average of F c,FE over a synoptic cycle of weather change. This assumption was supported by the fact that the correlation coefficients increased by averaging the periods and they saturated between 10 -15 days of the averaging period Fig. 4 . To explicitly incorporate the effect of diffusion in soil when estimating F c,IE , vertical diffusion models e.g., Yonemura et al., 2009; Sakurai et al., 2015 are needed to consider the storage term in soil, but these models lack conciseness. Incorporating the effect of the amount and quality of organic matters has substantially improved some soil CO 2 models, e.g., in the Roth-C model e.g., Yokozawa et al., 2010 . Nevertheless, the overall trends in F c,IE and F c,FE agreed and their relationship was similar across years in the present study, although the amount of incorporated organic matter such as straw and stable manure differed across years. Therefore, the amount of incorporated organic matter might not have been crucial for estimating the FS CO 2 efflux at daily to seasonal scales, probably because their levels up to 449 gC m 2 in 2006FS were much lower than that of the stored soil organic matter ca. 6000 gC m 2 . This is also supported by the fact that the initial flush of CO 2 just after harvesting DAH 1 20 was much smaller in this paddy field Fig. 3 than that often found in upland fields e.g., Yonemura et al, 2014 . The high soil moisture and the quality of rice straw and stubble might have affected the slower decomposition rate in the rice paddy and the agreement between F c,IE and F c,FE . At temporal scales longer than a year, however, the amount and quality of existing and incorporated organic matter would be crucial. We assumed that the effective plow layer depth was 30 cm when calculating F c,IE . Modeling studies of cropland carbon dynamics often use a 30 cm depth for the plow layer e.g., Yokozawa et al., 2010 . However, the plow layer depth is actually variable depending on field management practices and it is quite difficult to determine even based on field observations. We validated the effective plow layer depth by minimizing the RMSE between F c,IE and F c,FE for each FS Fig . Thus, the average effective plow layer depth for the three FSs was 30.5 cm with a standard deviation of 1.2 cm, thereby supporting our initial setting of 30 cm. The effective plow layer depth includes the contribution to soil CO 2 emissions from deeper soil layers than the actual plow layer depth in fields ca. 15 cm at the Mase paddy flux site . The depth is also affected by the decomposition of coarse organic matter in the soil.
In general, F c,FE includes many processes from various CO 2 sources in the ecosystem and it is difficult to understand the mechanisms of all of these processes as well as modeling them. In this study, the dependences of soil CO 2 emissions on soil temperature and moisture at the Mase paddy flux site were determined in incubation experiments, and used successfully to reproduce F c,FE throughout the FSs in three years. These dependences can be used as ecosystem parameters to represent the carbon dynamics at the Mase paddy flux site.
Conclusions
In this study, we quantitatively determined the temperature and moisture dependences of soil CO 2 emissions in incubation experiments, estimated the CO 2 efflux at the soil surface, and compared the results with the fluxes obtained by the eddy covariance method. The temperature and moisture dependences of the CO 2 emission rates from paddy soil determined by the incubation experiments were comparable to previous results Fig. 1 . The FS CO 2 effluxes at the soil surface determined by the eddy covariance method Figs. 2 and 3 agreed better with the CO 2 effluxes estimated from the modeled soil CO 2 emission rates without moisture dependence, especially when they were averaged over 10 -15 days, compared with those with moisture dependence Fig. 4 . This discrepancy between the CO 2 effluxes obtained by the eddy covariance method and the CO 2 effluxes estimated from the modeled soil CO 2 emission rates based on the incubation experiments was influenced by CO 2 storage in the soil as a function of soil moisture. The valid use of the effective plow depth as 30 cm was supported by the RMSE analysis Fig. 5 . Our results also suggest that the amount of incorporated organic matter is not crucial for estimating the FS CO 2 efflux at daily to seasonal scales probably because its level is much lower than that of the existing soil organic matter.
